We describe the role of Toll-like receptor 4 (TLR4) in the pathogenesis of necrotizing enterocolitis, which is a major cause of morbidity and mortality in premature infants. Through regulation of the intestinal barrier and control of mesenteric perfusion, TLR4 signaling plays a key role in the mechanisms by which exaggerated bacterial signaling leads to ischemia in the premature gut. We now describe how the increased risk of necrotizing enterocolitis in the premature infant may be explained in part by the greater expression of TLR4 in the premature as compared with the full-term intestinal epithelium, which is a consequence of the important role of TLR4 in the regulation of normal intestinal epithelial differentiation. Thus, TLR4-based targeting strategies within the intestine of the premature infant may offer novel preventative or therapeutic approaches for this devastating disease.
SUMMARY
We describe the role of Toll-like receptor 4 (TLR4) in the pathogenesis of necrotizing enterocolitis, which is a major cause of morbidity and mortality in premature infants. Through regulation of the intestinal barrier and control of mesenteric perfusion, TLR4 signaling plays a key role in the mechanisms by which exaggerated bacterial signaling leads to ischemia in the premature gut. We now describe how the increased risk of necrotizing enterocolitis in the premature infant may be explained in part by the greater expression of TLR4 in the premature as compared with the full-term intestinal epithelium, which is a consequence of the important role of TLR4 in the regulation of normal intestinal epithelial differentiation. Thus, TLR4-based targeting strategies within the intestine of the premature infant may offer novel preventative or therapeutic approaches for this devastating disease.
Necrotizing enterocolitis (NEC) remains the leading cause of death from gastrointestinal disease in premature infants and attacks the most fragile patients at a time when they appear to be the most stable. Despite significant advances in our overall care of the premature infant, NEC mortality remains stubbornly high. There is no specific treatment for NEC beyond broad-spectrum antibiotics and intestinal resection, and current efforts have focused on preventive strategies. Over the past decade, we have proposed a unifying hypothesis to explain the pathogenesis of NEC in premature infants that suggests that NEC develops in response to an imbalance between exaggerated proinflammatory signaling in the mucosa of the premature gut leading to mucosal injury, which is not countered effectively by endogenous repair processes, and in the setting of impaired mesenteric perfusion leads to intestinal ischemia and disease development. One of the most important pathways that mediates the balance between injury and repair in the premature intestine, and that plays a key role in NEC pathogenesis, is Toll-like receptor 4 (TLR4), which recognizes lipopolysaccharide on gram-negative bacteria. This review focuses on the role that the TLR4-mediated imbalance between proinflammatory and anti-inflammatory signaling in the premature intestinal epithelium leads to the development of NEC, and will explore how an understanding of the role of TLR4 in NEC pathogenesis has led to the identification of novel preventive or treatment approaches for this devastating disease.
I
f tuberculosis is the master masquerader, coronary artery disease the silent killer, and cancer the number one enemy, then necrotizing enterocolitis (NEC) has to be the doctor's menace. Striking suddenly, attacking the most fragile of patients at a time when they appear to be the most stable, NEC remains the leading cause of death from gastrointestinal disease in premature infants. Despite significant advances in our overall care of the premature infant, the mortality among those affected by NEC remains stubbornly high.
1,2 Clinically, the presentation of infants with NEC often initially is quite subtle, yet over 24-48 hours progresses to abdominal distention, the passage of bloody stools, and systemic sepsis. 3 At laparotomy, which is required in nearly half of all cases of NEC, 4 patchy intestinal necrosis of the large and small intestine is detected, 5 which occasionally can require extensive resection. 6 In those infants who survive the initial onset of disease, long-term complications often develop, including severe inflammatory lung disease, 7 which is more severe than the lung disease that develops in premature infants in the absence of NEC, 8, 9 neurologic dysfunction, 6, 10 and the presence of short-bowel syndrome, 11 which is a devastating result of extensive intestinal resection. There is no specific treatment for NEC beyond broad-spectrum antibiotics and intestinal resection, 12 and current efforts therefore have focused on preventive strategies, 13, 14 which of course offer little solace to those who unfortunately develop the disease. On a positive note, work from a variety of investigators has begun to shed light on some of the key signaling pathways that lead to disease development, and that will form the basis of the current review. We begin by offering a unifying hypothesis for NEC development, which posits that NEC occurs in response to an imbalance between increased injury and reduced mucosal repair within the mucosa of the premature gut.
A Unifying Hypothesis for NEC Development: An Imbalance Between Injury and Repair in the Premature Gut
Over the past decade, we and others have proposed a unifying hypothesis to explain the pathogenesis of NEC in premature infants, 15, 16 which is shown in Figure 1 . In brief, as will be described in greater detail later, available evidence suggests that NEC develops in response to an imbalance between exaggerated proinflammatory signaling in the mucosa of the premature gut leading to mucosal injury, which is not countered effectively by endogenous repair processes, and in the setting of impaired mesenteric perfusion leads to intestinal ischemia and disease development. One of the most important pathways that mediates the balance between injury and repair in the premature intestine, and that plays a key role in NEC pathogenesis, is the Toll-like receptor (TLR) family of bacterial recognition receptors, specifically Toll-like receptor 4 (TLR4), which recognizes lipopolysaccharide (LPS) on gram-negative bacteria. 17 Key evidence linking TLR4 with the pathogenesis of NEC include the findings that the expression of TLR4 in the intestinal epithelium is increased in mice and human beings with NEC, 18, 19 activating mutations in TLR4 signaling pathways are seen in human NEC, [20] [21] [22] [23] and novel TLR4 inhibitors prevent and treat NEC in animal models and attenuate proinflammatory signaling in human NEC tissue ex vivo, 24 whereas mice lacking TLR4 in the Figure 1 . The role of TLR4 in the pathogenesis of NEC. The premature infant gut is characterized by elevated expression of TLR4 on the intestinal epithelium, which is a function of the role of TLR4 in regulation of normal intestinal epithelial development. Activation of TLR4 by microbes within the intestinal lumen leads to barrier injury and impaired repair, resulting in translocation of luminal bacteria, which then interact with TLR4 on the lining of the mesenteric blood vessels, resulting in vasoconstriction and intestinal ischemia and NEC. Importantly, intestinal TLR4 is inhibited by factors including probiotic bacteria whose DNA can activate TLR9, as well as human milk oligosaccharides and other components of breast milk, while the provision of nitrates can induce mesenteric vasodilation and counter the negative effects of endothelial TLR4 activation on gut perfusion.
intestinal epithelium are protected from NEC development. 25 It is noteworthy that there are other pathways that also play a role in the pathogenesis of NEC, many of which are downstream of TLR4, and these have been reviewed extensively by us recently elsewhere, 15 while other investigators have shown that the premature intestine is more prone to inflammation 26 in part through the expression of innate immune response genes including TLR4 and its gene family members, 27 which is supportive of this concept. This review focuses on the role that the TLR4-mediated imbalance between proinflammatory and anti-inflammatory signaling in the premature intestinal epithelium leads to the development of NEC, and explores how an understanding of the role of TLR4 in NEC pathogenesis has led to novel preventative or treatment approaches for this devastating disease.
Clinical Risk Factors for NEC
To understand the cellular and biological processes that lead to NEC, we first review the clinical risk factors known to be associated with this disease, and then seek to correlate these clinical observations with the underlying biological pathways involved. In more than 90% of cases, NEC develops in premature infants (ie, those born before 37 weeks' gestational age), indicating that NEC is fairly specific to the underdeveloped gastrointestinal tract. 2, 28 Intestinal bacteria are linked to the development of NEC because NEC occurs after colonization of the intestine has occurred, although NEC is treated with broad-spectrum antibiotics that target enteric microbes, [29] [30] [31] suggesting that bacterial-host signaling plays a role in NEC development. Specific clinical risk factors for NEC include the administration of acidsuppressive H2 blockers, [32] [33] [34] excessive antibiotic use, 35 brief episodes of hypoxia, 36 the presence of chorioamnionitis (an infection of the lining of the uterine cavity during gestation), 37 and the administration of formula feeds. 38, 39 The administration of breast milk is highly protective against NEC, 40, 41 a finding that has provided the rationale for the use of donor breast milk as a specific preventive strategy, 42, 43 and that suggests that it may be the absence of breast milk rather than the presence of formula that is most important in NEC pathogenesis. It is noteworthy that each of the earlier-described clinical risk factors for NEC is linked indirectly by the induction or maintenance of a proinflammatory microenvironment in the newborn intestine. The premature intestine itself has been shown in ex vivo studies to exist in a proinflammatory state, as shown by the induction of a proinflammatory reaction to external bacteria as compared with the full-term bowel. 26, 27, 44 Likewise, the presence of H2 blockers, chorioamnionitis, formula administration, and the use of broad-spectrum antibiotics all may be expected to contribute to the development of a dysbiotic microbiome, which has been linked to NEC development. 31 Taken together, clinical risk factors for NEC each serve to induce a proinflammatory microenvironment in the premature host intestine, and in response to colonizing bacteria lead to NEC, through pathways that will be explored in additional detail later.
Why NEC Is Not Just Inflammatory Bowel Disease in Premature Infants
In seeking to understand the pathogenesis of NEC, and to develop novel approaches for the treatment of this devastating disease, it is important to understand not only what NEC is, but also what NEC is not. A common misconception is that NEC is quite simply Crohn's disease as seen in the premature infant. Although NEC does share some pathogenetic similarities with inflammatory bowel diseaseincluding an associative role for a dysbiotic microbiome, an imbalance between proinflammatory and anti-inflammatory cells in the intestinal mucosa, a genetic predisposition, and a predilection for the terminal ileum and cecum [45] [46] [47] -the 2 diseases are very different. Specifically, Crohn's disease is characterized by the full-thickness involvement of parts of the small and large intestine, is a relapsing condition that may be associated with fistularization, is not associated with intestinal necrosis, and rarely is associated with sepsis or death. 48, 49 By contrast, NEC is associated characteristically with necrosis of either the small or large intestine, is an acute disease, and leads to overwhelming sepsis and death in more than 30% of cases. [50] [51] [52] Histologically, Crohn's disease is characterized by an influx of polymorphonuclear leukocytes and crypt abscesses in association with regions of fibrosis, although NEC is associated with an influx of lymphocytes and macrophages, vascular thrombosis, and mucosal edema. 18, 53 In mouse models, the lack of TLR4 protects against experimental NEC, 25 whereas mice lacking TLR4 have more severe colitis, 54 reflecting differences in the molecular mechanisms that drive the disease. Thus, although Crohn's disease and NEC share certain clinical features, each is a unique intestinal inflammatory disease.
Toll-Like Receptor Activation Leads to NEC Development by Inducing Intestinal Injury and Reducing Mucosal Repair in the Premature Intestine
TLRs are innate immune receptors that contribute to host defense by initiating an inflammatory response to conserved microbial patterns that are expressed in both invading pathogens and commensal microorganisms.
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TLR4 on leukocytes is activated by LPS on the surface of gram-negative bacteria, which leads to the recruitment of the accessory molecules myeloid differentiation primary response 88 or Toll/interleukin 1-receptor domaincontaining adapter inducing interferon b, the induction of the transcription factors nuclear factor-k-light-chainenhancer of activated B cells or interferon regulatory factor 3, and the eventual elimination of the invading microbe. 56 Although TLR4 has a signature role in host defense through its expression on immune cells, we and others have shown that TLR4 also is expressed on the intestinal epithelium, where it regulates intestinal epithelial apoptosis and migration, and proliferation, and thus contributes to the pathogenesis of NEC. 19, 22, 25, [57] [58] [59] [60] [61] [62] [63] Evidence for a role for TLR4 in human NEC from a variety of investigators includes the observations that levels of expression of TLR4 messenger RNA and protein are both significantly higher in the intestine of patients with NEC as compared with control patients, while activating mutations in the TLR4 signaling pathway are found in a greater proportion of premature infants with NEC as compared with those without this disease. These findings suggest but by no means prove the fact that TLR4 activation plays a role in NEC development. To interrogate the role of TLR4 in NEC development, we and others have turned to animal models, using mice, rats, and piglets. Induction of NEC in mice and rats typically requires daily administration of infant formula, often supplemented with bacteria in the setting of daily episodes of hypoxia and/ or hypothermia, to mimic the clinical situation of apneas/ bradycardic spells experienced by these neonates.
64,65 After 4 days, wild-type mice and rats develop patchy intestinal edema, inflammation, and necrosis, which closely resembles human NEC. 19, [65] [66] [67] [68] By contrast, mice lacking TLR4, including either the TLR4-/-mouse and the C3H/HeJ mouse with an inactivating mutation in the TLR4 gene, 19, 63 are protected from NEC development. Although the intermittent hypoxia/formula feeding model recapitulates some of the features of NEC, there are some limitations, including the fact that not all mice develop the disease, and the model is technically difficult to perform; we have modified the model by gavaging with stool from an infant with severe NEC to induce a more consistent and severe phenotype that replicates the human disease. Several investigators have provided an analysis of the various models for NEC, 64, 65 which allows for an assessment of model selection appropriate to the experimental questions.
In seeking to determine whether TLR4 on the intestinal epithelium as opposed to other cell types is required for the pathogenesis of NEC, we have shown that mice lacking TLR4 on the intestinal epithelium, as opposed to other cell types, is required for the development of NEC because TLR4 -:D-villin-/-deficient mice lacking TLR4 on the intestinal epithelium are protected from the development of NEC.
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TLR4 signaling on enterocytes leads to cell death via apoptosis, 19, 62, 69 findings that were confirmed both in vitro and in vivo. Given that the induction of enterocyte apoptosis precedes intestinal injury in NEC, 70 TLR4-induced cell death by apoptosis is thought to be an early event in the mucosal injury that characterizes this disease. 71 Healing from mucosal injury in the intestine occurs first through the process of restitution, which involves the migration of healthy enterocytes to the injured site, followed by proliferation of new cells from stem cells housed within the intestinal crypts, which together restore the mucosal barrier. 72 We have shown that TLR4 activation leads to a direct inhibition of mucosal repair via reduced enterocyte migration, through a mechanism that requires the activation of focal adhesions, and the induction of integrins. 68, 73, 74 TLR4 activation also was found to lead to reduced proliferation of the Leucine-rich repeat-containing G-protein coupled receptor 5 (Lgr5) expressing stem cell pool in the intestinal crypts via mechanisms that involve the inhibition of b catenin signaling 75 and the up-regulation of the proapoptotic mediator p53 up-regulated modulator of apoptosis 76 directly on the stem cells. The intestine in mouse and human NEC was noted to be rich in proinflammatory T helper 17 cell (Th17) lymphocytes, whose influx into the newborn gut required enterocyte TLR4 signaling, and which were required for NEC development because lymphocyte-deficient Rag1 -/-mice were protected from NEC, and transfer of intestinal lymphocytes from NEC-mice into naive mice induced intestinal inflammation. 18 In further studies, we showed that the normal lymphocyte balance within the lamina propria of the intestine can be achieved by the administration of alltrans retinoic acid, which restored mucosal integrity by preventing the loss of intestinal stem cells, which richly express TLR4. 77 These findings support earlier work, showing the importance of the adaptive immune system in the pathogenesis of NEC. [78] [79] [80] [81] After mucosal injury, bacterial translocation leads to the entry of lipopolysaccharides into the bloodstream, where TLR4 signaling in the endothelium of the intestinal mesentery leads to a reduction in the expression of endothelial nitric oxide synthase, which is an enzyme responsible for the generation of the vasodilatory molecule nitric oxide, which contributed to the intestinal ischemia in NEC. 82 The intestinal mesentery of the premature infant is not designed to receive food, given that the natural environment of the premature gut is still in utero. For this reason, its mesentery is relatively vasoconstricted in a process that involves the vasodilator nitric oxide (which is reduced in NEC) and the vasoconstrictor endothelin-1 (which is increased in NEC). [83] [84] [85] It is noteworthy that breast milk is enriched in nitric oxide precursor sodium nitrates, 82 suggesting one mechanism by which breast milk administration can prevent NEC, a mechanism that also is shared by human milk oligosaccharides, which are present in breast milk and whose absorption into the circulation can enhance nitric oxide release, 86 thus counteracting the effects of TLR4 signaling on the mesenteric endothelium.
Taken together, these findings illustrate that TLR4 signaling in the intestinal mucosa leads to NEC through inducing mucosal injury and preventing mucosal repair. Although such observations provide insights into NEC pathogenesis, they also lead to several important questions, including why a receptor that has a role in host defense actually leads to disease development, and what pathways are in place within the host to prevent the exaggerated TLR4 signaling that leads to NEC. These questions are addressed in further detail later.
A Role for TLR4 in Intestinal Development
The earlier-described studies raise questions regarding why a receptor involved in host defense would lead to the development of disease. In addressing this seeming inconsistency, we investigated the expression of TLR4 on the intestine of mice during intestinal development, and noted a progressive increase in messenger RNA expression that peaked at the time of full-term gestation. 16, 87 This is a surprising result given the fact that the intestine develops in the relatively sterile environment of the womb, and certainly in the absence of enteric microbes that only colonize the gut in the postnatal period. 88 In a series of additional studies, we determined that TLR4 expression in the intestinal epithelium is required for normal gut development because TLR4 -:D-villin-/-deficient mice lacking TLR4 on the intestinal epithelium show abnormal intestinal epithelial progeny, characterized by an abundance of goblet cells. 25, 76 This finding is reflective of the observation that TLR4 is expressed predominantly in the Lgr5-positive intestinal stem cells where its activation leads to activation of Notch signaling and impaired differentiation of stem cells toward goblet cells. 25, 76 It is noteworthy that human NEC is known to be characterized by a depletion of goblet cells in the intestinal epithelium, which is consistent with the exaggerated TLR4 activation that leads to NEC, 89 and also with the finding that pharmacologic Notch inhibition restores goblet cells and attenuates NEC severity in mice cells. 25 Taken together, these findings illustrate that TLR4 has a primary unexpected role in intestinal stem cell signaling and differentiation, and that the premature gut, which is still developing, expresses significantly higher levels of TLR4 as compared with its wild-type counterparts as a reflection of this increased expression. Subsequently, the delivery of the premature infant with expectedly higher levels of TLR4 in the intestinal epithelium, as a consequence of the ongoing gut development, results in activation of TLR4 by colonizing microbes, which then induces the imbalance between injury and repair that leads to NEC as described earlier. The observation that a receptor that is required for gut development also would recognize enteric microbes is consistent with findings in drosophila, where TLR4 was first identified, in which its homolog Toll was found to have a primary role in body wall development as well as in host immunity. These findings raise the question as to what curtails TLR4 signaling in the gastrointestinal tract, and further, suggests the possibility that therapeutic or preventative strategies for NEC may be developed based on limiting the extent of TLR4 signaling in the premature gut. These are discussed in greater detail later.
Restraining TLR4 Signaling in the Gastrointestinal Tract: nucleotide oligomerization domain-containing protein2, TLR9, and Amniotic Fluid
The finding that exaggerated TLR4 signaling in the intestinal epithelium leads to NEC raises the possibility that counter-regulatory pathways exist that limit the extent of TLR4 signaling in the newborn intestine, and thus reduce the propensity for NEC development. In support of this possibility, TLR9, a homologous receptor to TLR4 that is activated by bacterial DNA, can limit TLR4 signaling through activation of the inhibitory molecule interleukin-1 receptor associated kinase-m. [90] [91] [92] [93] Human beings and mice with NEC have reduced expression of TLR9 in the gut (and increased TLR4), suggesting that a lack of protective TLR9 could lead to NEC. 87 Furthermore, it is noteworthy that the administration of probiotic bacteria has been shown to limit the severity of NEC in mice and human beings, 94 although additional studies have shown that mice lacking TLR9 did not show protection, whereas administration of bacterial DNA yielded similar protection in mice, raising the possibility that the protective mechanism of probiotic bacteria involved activation of TLR9 by bacterial DNA and reciprocal inhibition of TLR4. 95 In additional studies, activation of nucleotide oligomerization domain-containing protein2, which has an essential role in familial Crohn's disease, 96 reduced NEC severity by reducing TLR4 downstream pathways, and was reduced itself in the intestines of mice and human beings with NEC. 97 It is interesting to note that in the developing intestine, the amniotic fluid that bathes the lumen of the fetal intestine was found to prevent TLR4 activation, and the administration of amniotic fluid in animal models reduced NEC severity, providing additional proof of concept of these findings. 82 These findings support the overriding precept that modulation of TLR4 signaling in the intestinal epithelium determines the balance between injury and repair in the pathogenesis of NEC.
Breast Milk and NEC
One of the most important strategies known to protect against the development of NEC is the administration of breast milk, which is protective when even small amounts are administered. [98] [99] [100] [101] This observation has led to significant interest in seeking to understand the molecular components of breast milk that confer protection against NEC. Earlier studies have focused on the presence of immunoprotective IgA, 102 lactoferrin, 103 and erythropoietin. 104 More recent studies have focused on probiotic bacteria within breast milk, 105 and the nondigestible human milk oligosaccharides that are present in breast milk and reduce NEC through inhibition of bacterial enterocyte binding and enhanced mucosal perfusion. 86, [106] [107] [108] More recently, we determined that breast milk contains powerful TLR4 inhibitory properties, including the major growth factor epidermal growth factor, which inhibits TLR4 signaling via activation of the phosphoinositide 3-K signaling pathway, suggesting an additional mechanism of NEC prevention. 101 In support of this observation, treatment of mice with breast milk prevented NEC while administration of breast milk in which epidermal growth factor had been immunedepleted failed to offer protection. In addition, as mentioned earlier, breast milk is rich in sodium nitrates, which are important precursors of nitric oxide, whose administration leads to enhanced mesenteric perfusion and protection of the gut from ischemic injury. 82 Taken together, these findings provide evidence regarding the mechanisms by which breast milk prevents NEC, provide additional evidence linking TLR4 activation to NEC pathogenesis, and provide support to the concept that NEC develops in a proinflammatory environment that can be reversed in part through factors present in breast milk.
Drug Discovery and NEC
The studies described earlier show not only an important role for TLR4 in the pathogenesis of NEC, but also raise possible approaches for either preventing or treating this disease. Based on the structure of TLR4 bound to the synthetic inhibitor E5564, 109, 110 we conducted an in silico search for novel TLR4 inhibitors, and then evaluated their potential role in the prevention or treatment of NEC. Using a similarity search algorithm in conjunction followed by screening of small-molecule libraries, we identified a family of TLR4 inhibitors, many of which were detectable in breast milk. 24 Importantly, our lead compound, C34, is a 2-acetamidopyranoside (molecular weight, 389) with the formula C17H27NO9, which reduced NEC in animal models and inhibited LPS signaling ex vivo in human ileum that was resected from infants with necrotizing enterocolitis. 24 These findings identify C34 and the b-anomeric cyclohexyl analog C35 as novel leads for small-molecule TLR4 inhibitors that have potential therapeutic benefit for TLR4-mediated inflammatory diseases. Additional studies are underway to develop novel approaches to the prevention and treatment of NEC, based in part on the method of inhibition of TLR4 activation and its consequences.
Summary: What Is Next in NEC Research?
This review has sought to review the major role played by TLR4 signaling in the pathogenesis of NEC through its essential roles in the balance between injury and repair in the premature gut. Although other pathways play essential roles, and have been reviewed recently, 15 the current studies provide a rationale for the development of NEC preventive strategies based on the modulation of TLR4 signaling. We also reviewed the potential reasons for which the premature infant is at risk for NEC development through an understanding of the increased expression of TLR4 in the intestinal epithelium, a consequence of the essential role played by TLR4 in normal intestinal development. These studies also provide a rationale for studying TLR4 inhibitory molecules as novel preventive or therapeutic approaches for NEC, and rely in part on the knowledge that breast milk is endowed with anti-TLR4 substrates, a fluid with an established role in NEC prevention. Future directions in NEC research may focus on factors that place the premature infant at risk for NEC development, a greater understanding of the genetic factors leading to NEC and how this information may be used to develop NEC treatment or prevention strategies, as well as focusing on more sensitive and specific diagnostic modalities for NEC, including appropriate serum or stool biomarkers, some of which may lie in TLR4 activation pathways. It is our hope that by focusing on these important questions, we will not only gain a greater understanding of NEC, but will reach a day when this disease is no longer the curse it currently is to these fragile patients and their families.
